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(57) Abstract 

Enrichment for human Keratinocyte Stem Cells KSCs to a high degree of purity can be successfully achieved on the basis of a cell 
surface component whose expression is proliferation-related in conjunction widi an integrin such as the a 6^94 integrin. Transferrin receptor 
may be used as the cell surface component that is proliferation related. Enrichment of Transit amplifying cells can also be achieved by use 
of a variation of this method. The enrichment follows on from harvesting of cells from an epithelium, preferably rich in stem cells. 
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KERATDSrOCYTE STEM CELLS 

This invention relates to a method of enriching for and isolating subpopulations of 
epithelia ceUs, isolation of keratinocy te stem cells, to keratinocyte stem cells and uses 
5 -.^^^for keratinocyte stem cells. 


In common with other rapidly renewing tissues such as the h^opoietic system and 

10 the intestinal epithelia, the human epidermis is in a process of constant regeneration. 
Terminally differentiated cells lost continuously from the skin surface, are replaced by 
an intricate and highly regulated proliferative process within the basal layer of the 
epidermis. Stem cells in these rapidly renewing tissues are the earliest progenitors of a 
hierarchy of proliferative cells which are ultimately responsible for the generation of all 

15 mature cells for the lifetime of an individual (Lajtha, 1979). In murine epidermis, this 
process is achieved by two kineticaUy distinct subpopulations: (a) keratinocyte stem 
cells (KSC) which represent a minor subpopulation of relatively quiescent cells, 
defined by their great proliferative potential and an unlimited capacity for self renewal, 
identified as slow-cycling, 3H.Tdr label-retaining cells; and (b) transit amplifying (TA) 

20 cells - the progeny of the stem ceUs, widi a limited proliferative capacity identified as a 
pool of rapidly proliferating cells that are lost from the basal layer to terminal 
differentiation within 4-5 days (Potten, 1983; Monis et al 1985; MacKenzie & 
Bickenbach, 1985; Potten, 1986; Bickenbach etal, 1986). In addition, a third 
subpopulation of basal keratinocytes representing post mitotic differentiating cells in 

25 the early stages of keratinisation can also be identified (Potten, 1983; Morris et al, 
1985; MacKenzie & Bickenbach, 1985; Potten, 1986; Bickenbach et al, 1986; 
Christophers, 1971; Allen & Potten, 1974). Human epidermis has sunilar populations. 

Given that all prolifmtive activity in the human epidermis is resuicted to the basal 
30 layer, this is presumably where the stem cells and TA cells reside. It has also been 
established that the hair follicle can act as an important reservoir of epidermal stem 
cells, and that cells within the bulge region have extensive proliferative potential. 
Physiological cell renewal in interfoUicular epidermis however, is most likely to be 
achieved by stem cells and TA cells widim the basal layer. However there are no 
35 molecular markers that distinguish between basal keratinocytes that have made a 
commitment to differentiate (TA ceDs) and immature stem cells. 

In the haemopoietic system, multilineage reconstituting stem cells can be physically 
separated from commiued progenitor cells (analogous to the TA cells of the epidermis). 



BACKGROUND OF THE INVENTION 
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based upon differences in iheir expression of cell surface markers (Civin et al, 1984; 
Spangrude et al, 1988; Berenson et aU 1991; Terstappen et al, 1991; Baum et al, 1992). 
Clearly the availability of appropriate cell surface markers on basal epidennal cells 
would greatly facilitate the isolation and characterisation of human KSCs. However, 
5 the cell surface antigenic phenotype of these cells remains relatively poorly defmed. 

One of the best studied classes of cell surface molecules expressed by keratinocytes are 
the integrin superfamily of cell adhesion receptors. Integrins are heterodimeric cell 
surface glycoproteins that primarily mediate the attachment of basal keratinocytes to 

10 extracellular matrix proteins found in the basement membrane, but can also mediate 
intercellular adhesion. In vivo, basal keratinocytes express the Pi integrins aaPi and 
asPi, as weU as the integrin ot6P4 (Peltonen et al, 1989; Carter et al, 1990a; Carter et 
ah 1990b). Important evidence for proliferative heterogeneity in human basal 
keratinocytes has been provided by recent work using a fluorescence activated cell 

15 sorting (FACS) approach, demonstrating that both cultured and primary human 

foreskin keratinocytes could be separated into cells with high levels of Pi integrin (Pi 
brighO which had a high plating efficiency assayed after two weeks in culture, 
compared to diose keratinocytes with low levels of this integrin (Jones & Watt, 1993; 
Jones etal , 1995). Furthermore, pi bright keratinocytes were shown to be capable of 

20 generating an epithelial sheet when grafted onto mice, suggesting that this fraction of 
the basal layer contain KSCs (Jones et al 1995) 

In vivo studies suggest that epidermal stem cells constitute between 1% - 10% of the 
basal layer depending on the methodology used (Morris et al, 1985; MacKenzie & 

25 Bickenbach, 1985; Bickenbach et al 1986; Potten & Hendry, 1973; Morris & Potten, 
1994). Since approximately 40% of the basal layer in human foreskin exhibits high 
levels of pi integrin in vivo (Jones et aU 1995) it is highly likely that basal 
keratinocytes with this phenotype contain both the KSC population and a significant 
number of TA cells and therefore there are drawbacks in the use of cells enriched for 

30 high level expression of pi. 

OBJECT OF THE INVENTION 

An object of one aspect of the invention is to generate a more purified population of 
keratinocyte stem cells than has been achieved by prior art methods. An object of a 
35 further aspect of the present invention is to provide methods for purifying 
subpopulations of epithelial cells. 
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SUMMARY OF THE INVENTION 

A strategy for distinguishing between the TA ceUs and the KSCs of the epidermis based 
on die use of two cell surface antigens has been shown to be effective. In view of 
5 functional data demonstrating the role of integrin ot6P4 in mediating adhesion of basal 
keratinocytes to the basement membrane via hemi-desmosomes (Sonnenberg et aU 
1991; Dowling et aU 1996; Georges-Labouesseer a/, 1996; Van-der-Neut et aU 1996) it 
was hoped that this integrin may provide a suitable marker for epidermal stem cells 
since these cells are permanaitly anchored to the basement membrane. 

10 

It is now shown that while basal keratinocytes expressing low levels of Oit% represent 
a subpopulation of post-mitotic, differentiating keratinocytes, this integrin is expressed 
at high levels on both the KSC and TA cells. Thus this cell surface maiker alone, 
cannot be used to separate KSCs from TA cells to a high degree of purity but can do so 
15 to a degree of purity higher than where pi integrin is used. 

It is the finding of die inventors that enrichment for human KSCs to a high degree of 
purity can be successfully achieved on the basis of a second cell surface component 
whose expression is proliferation-related in conjunction with CC6P4 integrin. The 

20 experiments conducted to date have used u-ansferrin receptor as the cell surface 

component that is proliferation related. It is also suggested that sufficient purification 
should be achievable where another maiker capable of identifying KSC and TA cells 
(and perhaps also cells that have been differentiated further) is used in place of a6P4 in 
the above two step process and that other marker might be another integrin such as 

25 a2Pi oraspi. 

In a first aspect the invendon could be said to reside in a method of enriching a viable 
population of KSCs from a population of epidermal cells comprising, 

a) a first enriching step of enriching for cells carrying a high level of cell 
30 surface integrin from the population of epidermal cells to form a partially enriched pool 

and 

b) a second enriching step of removing cells that carry high level 
expression of a marker associated with proliferation from the partially enriched pool. 

35 Conversely TA cells might be purified from KSCs whereby a proportion of cells with 
low expression of a marker associated with proliferation are removed from the partially 
enriched pool. 
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The epidmnal ceU population might be derived from a tissue sample of the skin. This 
method nonnally involves the separation of epidermis from the skin sample, before tiie 
enrichment One particularly good source of KSC cells is from die basal layer of the 
epidermis. The proportion of these cells that are KSCs will depend upon die type of 
5 skin, and the age of die individual concerned. It is estimated for example diat about 
10% of neonatal foreskins are KSC ceUs but a lesser proportion will be present in die 
basal layer of die epidieUum of adults. Hair follicles are also known to be a reservoir of 
stem cells and might be used as a source rich in KSCs. 

10 It has been shown diat significant enrichment can be achieved in the first step by die use 
of Pi in die first enrichment step, and it is dius Uiought diat integrins a2Pi or aapi 
could be used in diis enrichment Pi is however less effective in die two step 
enrichment process dian a6p4 integrin because it recognises epidermal cells diat have 
developed past the TA stage and tfierefore die first enrichment step leads to a lesser 

15 enrichment dian by use of ot6p4 integrin which recognises only KSC cells and TA 
cells. 

The marker associated widi proliferation diat has been used by die inventors is one diat 
is recognised by monoclonal antibody 10G7 and has now been identified as being die 
20 transferrin receptor. There are a number of commercially available monoclonal 

antibody preparations diat also recognise transferrin receptor. Alternative markers diat 
are associated with proliferation can also be used examples of diese include but are not 
limited to the EGF (Epidermal Growdi Factor) receptor, and perhaps also die IGF 
Onsulin Growdi Factor) receptor and die KGF (Keratinocy te Growdi Factor) receptor. 

25 

It will be understood recognition of cells carrying die cell surface markers diat form die 
basis of die separation can be effected by a number of different methods, however, all 
of tiiese mediods rely upon binding of a binding agent to die integrin molecule, 
followed by a separation of diose diat have high levels of binding from diose diat have 

30 low levels of binding. The most convenient binding agents are antibodies or antibody 
based molecules, preferably being monoclonal antibodies or based on monoclonal 
antibodies because of die specificity of diese latt^ agents. Antibodies can be used for 
bodi steps. However odier agents might also be used, dius ligands for diese integrins 
such as extracellular matrix proteins including laminin-5 or collagen I or IV may also be 

35 employed to enrich for cells carrying a6p4. Likewise transferrin itself could be used 
as a means for detecting die levels of transferrin receptor, in place of 10G7 or odier 
antibody directed against transferrin receptor. 
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The antibodies may be auached to a solid support to allow for crude separation. The 
separaUon techniques employed should maximise the retention of viability of the 
fraction to be coUected. Various techniques of different efficacy may be employed to 
obtain relatively crude separaUons. The particular technique employed wiU depend 
upon efficiency of separaUon, associated cytotoxicity, ease and speed of performance, 
and necessity for sophisticated equipment and/or technical skill. Procedures for 
separation may include, but are not limited to, magnetic separation, using antibody- 
coated magneUc beads, affinity chromatography and "panning" with anUbody auached 
to a soUd matrix. Techniques providing accurate separaUon include but are not limited 
to, FACS. 


In Uie experiments conducted Uius far Uie 06^4 has been selected on the basis of the 
portion being idenUfied, i.e. o^, however Uie p4 portion could equally well be used. 
Commercially available monoclonal antibody preparations Uiat recognise 05 are 
available for these for example Uiose known as G0H3 and 4F10 

It is found Uiat by using an accurate separaUon method a purified KSC ceU population 
can be achieved, which is believed to have less Uian 1% non KSC cells, however using 
cruder enrichment techniques a variety of levels of purified KSC cells can be produced, 
and may be useful at lower levels of purity. It is believed that purity levels of greater 
than 50% or at least greater than 70% may be useful for an improved formation of an 
epidermal layer which can be used as a graft for a skin lesion. A substantially purified 
KSC cell population of greater Uian about 90% is Uiought to be useful for not only die 
formation of an epi&rmal layer but also for use as a starting cell population for genetic 
modification whereby exogenous nucleic acid is introduced to express a desired 
product, which may be used in gene Uierapy. 

In Uiis regards it is considered Uiat enriching for KSCs on Uie basis of Uie presence of 
Pi alone integrin will result in a population wiUi only a limited capacity to provide a 
differentiated skin graft, it is suggested that selection of die 06^4 on its own may result 
in a sufficienUy pure population of KSC ceUs to achieve an enhanced capacity to 
produce a differentiated epidermal layer. WiUi a higher purity of KSCs it is expected 
Uiat a graft should repopulate faster and should persist longer. 

The capacity to isolate substantially purified KSCs opens up significant useful potential 
in some quite major areas. 

FirsUy autologous repair of skin lesions, by Uie formation of a layer of skin generated 
from cells isolated from Uie same individual. MeUiods of generating epidermis from 
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epidermal cells are found for example in US 5712163 by Parenteau et al which also 
refers to other references therein, particularly in column one which are incorporated 
herein by reference. It is suggested that these methods will be applicable where KSCs 
and TA ceUs of the present invention arc used 

5 

Secondly the accessibility of skin makes KSCs an ideal candidate for genetic 
manipulation and gene therapy for the trcaUnent of both skin disorders and systemic 
deficiencies. Thus exogenous nucleic acid would be introduced into autologous KSCs, 
to produce a therapeutically useful substance. TTie cells can be formed into an 

10 epidermal layer which could be grafted onto the skin of the individual concerned and act 
as a means for long term release of the therapeutic compound. The compound is thus 
mtroduced systemically. The compound might be one that is not produced by the 
individual as a result of a congenic defect, or a disorder that has developed, for example 
diabetes. Purification of KSCs according to the present invention are suggested to give 

15 rise to a skin graft of greater persistence and accordingly the gene therapy should last 
longer than would otherwise be possible. Suggestions for gene therapy using KSCs 
for gene therapy have been made with one of the acknowledged deficiencies being 
recognised as the lack of purified KSCs. 

20 A third useful result of this invention relates to the enhanced capacity to find markers 
associated with proliferation of various cell sub populations of the skin involved in the 
early proliferative events and to enhance the understanding of these early proliferative 
events, with the greater potential to discover the reason for defects in the proliferative 
process which lead to cancers. 

25 

The invention could therefore also be said to reside in a composition including an 
enriched cell population of KSC ceUs capable of being enriched by firstly enriching a 
cell population for ceDs that carry an integrin marker and secondly reducing the number 
of cells that carry a marker associated with proliferation. Such compositions might 
30 include a tissue layer suitable for autologous skin graft application and a genetically 
modified population of KSC cells. 

In a further form the invention could be said to reside in a composition formed from an 
enriched cell population of KSC of this invention. The composition could be the result 
35 of an epidermal layer that is used as a skin graft that has been derived from KSCs. 
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BRffiF DESCRIPTION OF THE DRAWINGS 

Fractionation and colony forming ability of neonatal primary human 
foreskin basal epidermal cells on the basis of cte integrin expression. 
(A) Flow cytometric analysis of freshly isolated basal keratinocyies 
stained with either an anti-Oe Mab (4F10 - solid line) or isotype 
control Mab (ID4.5 - broken line), detected by a FTTC-conjugated 
secondary antibody. Two fractions representing the upper 30% (R6) 
ot6*^" cells and the lower 30% (R7) cx^^^ cells were collected by 
FACS and cultured. (B) Colony numbers obtained from 5000 UF, 
06^" and 06^"" cells. Keratinocyte colony numbers were 
determined after two weeks in culture, by staining with toluidine blue 
after removal of the feeder layers. The fraction consistently 
gave rise to greater colony numbers than the a^^^ fraction, 
indicating that the Oe^" fraction was enriched for colony forming 
cells. These results are typical of several replicate experiments 
(n=5). 

20 Figure 2: Long-term growth capacity of ote^" and a^^^ cells. (A) Growth 

curves of the UF cells, the Oe^^ and the a^^^ fractions in a 
representative experiment are shown. Each point represents the mean 
cell output ± SEM of three replicate wells obtained at each passage. 
The curves show that the ot6^" cells consistently grew at a greater 

25 rate than the UF cells and the Oe^'"^ fraction. The inset shows 

growdi curves from day 0-50 to illustrate cell proliferation during this 
period, not evident on the main graph due to the scale. These results 
are typical of several replicate experiments (n=5). (B) The total cell 
output (cumulative cell yield), from 5000 cells of each fraction, was 

30 determined at the end of the experiment when their ability to 

proliferate was exhausted. The total cell output of the fraction 
was significantly higher than the Oe^^ fraction and UF cells 
(p<0.05), thus confirming diat the (x^^ population had the greatest 
long term proliferative capacity. The numbers above the colunms 

35 indicate mean cell yields from each fraction The results shown 

represent the mean total output ± SEM of three separate experiments. 

Rgure 3: Two-colour flow cytometric analysis of and keratins 14 and 10 in 

neonatal primary human foreskin basal epidermal cells. Freshly 


Figure 1 
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isolated keratinocyies were fixed, permeabilised and double labeUed 
with anti-(X6 integrin (Mate 4F10) and either (A) anti- K14 (Mate 
LLOOl), or (B) anti-KlO (Mate LHP2). CeUs were analysed for 
keratin expression after gating into and 0C6^™ fractions. Panel 
5 A shows that both these fractions were positive for the basal keratin 

K14, but that the ote*^ cells expressed lower levels of K14 dian the 
06*^ cells. Panel B shows that the ote^ fraction was negative for 
the differentiation-specific keratin KIO, while o^*^"* cells were 
positive for this marker. Staining with appropriate isotype- matched 
10 negative conurol Mabs (ID4.5 and ffi5) is shown (dotted lines) in 

each panel. 

Figure 4: Fractionation and colony forming ability of neonatal primary human 

foreskin basal epidermal ceUs on the basis of otg integrin and 1(X37 

15 ag expression. (A) Dot plot showing flow cytomeuic analysis of 

freshly isolated basal keratinocytes double-latelled with anti-ot6 Mab 
4F10 (FITC), and Mab 10G7 (PE), from a representative 
experiment Four fractions of cells were collected in this experiment: 
the a^*"* populauon (R7), the 05^^ cells (R4), and the latter cells 

20 subdivided on the basis of relatively high (R2. 05^" 10G7*^"), or 

low levels (R3, a^^^ 10G7**"") of 10G7 ag expression. This 
phenotype has been observed in numerous replicate experiments 
(n=25). (B) Colony numbers obtamed from 5000 cells from each 
fraction at two weeks in culture. The a6^"10G7^°^ and 

25 ot6^" 1 0G7^ fractions consistently gave rise to greater colony 

numbers than the Oe^^ fraction. ImportanUy, no significant 
difference between colony numbers was obtained from the 
ct^^KKjl^^ and a6^"10G7*>" fractions. These results arc typical 
of several replicate experiments (n=5). 

30 

Figure 5: Long-term growth capacity of primary human neonatal foreskin basal 

epidermal cells fractionated on the basis of and 10G7 ag 
expression. (A) Growth curves of UF, a6^"10G7^ and 
06^1007^" fractions in a representative experiment The curves 
35 show that the tX6^"10G7^ cells consistently grew at a greater rate 

than the UF and a6^"10G7^ cells. Cell output at earlier time points 
(Day 0-50) is shovioi in the inset, and indicates that all fractions were 
capable of growth in culture, not evident on the main graph due to the 
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scale. Data points represent mean ±SEM of three repUcates. (B) 
Total ceil output of fractions determined at the end of the experimenu 
from an initial input of 5000 cells per fraction, confimi that the 
ot6*^10G7«5i«i population has the greatest long-term proliferative 
capacity and comprises the candidate keratinocyte stem ceU 
population. The numbers above the columns indicate mean cell 
yields from each fraction. The data is shown as the mean ± SEM of 
three replicates. These results are typical of several separate 
experiments (n=5). 


10 


15 


Figure 6: CeU cycle analysis of primary basal keratinocytes fractionated on the 

basis of 0C6 and 10G7 ag expression. The UF cells show that 
overall, the basal layer contains about 5% of cells progressing 
through the S-phase of the cell cycle. Analysis of fracuonated cells 
clearly demonstrates that the majority of these actively cycling basal 
cells reside within the candidate TA population (a6*>"10G7^ cells), 
whereas the candidate KSC population (a6*^ril0G7d«n) and the 
posi-mitotic differentiating (PM-D) ceUs (Oe^^ fractions) comprise 
mosUy quiescent cells, with relatively fewer cells in S- or S/G2M 
^® phase. TTie results displayed in this figure are the mean ± SEM of 

four separate experiments. 


Figure 7: Total cell output of ot^^ and pi^n further subdivided with MAb 

10G7- TTie values above each bar represent mean cell yield from 
25 each fraction. 


Figure 8: Is a graphical representation of telomerase activity in fractionated 

human keratinocytes, as measured by absorbance at 450nm using an 
ELISA assay (Kim etal, 1994). PM-D refers to Post-mitotic 
differentiating cells, TA refers to transit amplifying cells, KSCs 
refers to keratinocyte stem cells, and UF refers to unfractionated 
cells. 


Figure 9: Is a similar plot to that shown in figure 4 except that the cells 

harvested were from the facial skin of a 72 year old adult. What is 
shown is a dot plot showing flow cytometric analysis of freshly 
isolated basal keratinocytes double-labelled with anti-a6 Mab 4F10 
(FTTC), and Mab 10G7 (PE), from a representative experiment. 
PM-D refers to Post-mitotic differentiating cells (Oe^""), TA refers to 
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transit amplifying ceUs (a6*^"10G7bri) and KSCs refers to 
keratiriocyte stem cells(a6brilOG7<J*"*) This phenotype has been 
observed in numerous replicate experiments. The populations of 
cells which are similar to those observed in neonatal epidermis are 
5 indicated in the boxes. 

DETAILED DESCRIPTION OF THE INVENTION. 

EXAMPLE 1 
1 0 Materials & Methods 

Isolation and culture of primary basal keratinocytes. 

Human neonatal foreskins from routine circumcisions were processed within 2 hours 
of collection. Epithelial sheets were obtained after overnight incubation with 4mg/ml 
Dispase at 4''C and basal keratinocytes isolated by uypsinisation for 5 minutes. 
15 Keratinocytes were cultured using the Rheinwald and Green method (Rheinwald & 
Green, 1975), on irradiated Swiss 3T3-J2 feeder layers in DMEM containing 10% 
PCS, 20ng/ml epidermal growth factor (Sigma), 0.4^g/ml hydrocortisone (Sigma), 
and IQng/ml cholera toxin (Calbiochem, La Jolla, USA). Keratinocytes were passaged 
aft^ removing the feeder cells with 0.02% EDTA. 

20 

Antibodies. 

Mab 4F10 OgGab) to the ot6 integrin subunit was used at 20|ig/ml (Serolec, Oxford. 
UK); Mab 10G7 (IgG2a) developed in our laboratory was used as undiluted hybridoma 
supernatant Isotype- matched negative control Mabs 1D4.5 (IgG2a), 1B5 QgGl) and 
25 1A6.1 1 (IgG2b) were available in house. Anti-mouse IgG2b-FITC and IgG2a-PE 
(Caltag Laboratories, San Francisco, USA), were used to detect 4F10 and 10G7 
binding respectively. Mabs LHP2 agGi) to KIO and LLOOl (IgG2a) to K14 were 
kindly provided by Dr Irene Leigh (Royal London Hospital, London, UK), and used at 
1:10 and 1:1000 respectively. 

30 

Immunofluorescence staining and FACS of primary keratinocytes. 
Basal keratinocytes were processed for single (a6-FITC) or double (Oe-FITC and 
I0G7 ag)-PE staining along with appropriate negative controls and single colour 
positive controls to establish compensation settings on the FACS as described 
35 previously .(Kaur et a/, 1997) The cells were resuspended in culture medium at 2-3 x 
liPlvaX, sorted using the Becton-Dickinson FACStai^*"^ and collected into culture 
medium. The viability of the cells after sorting was determined to be >95%. Double 
staining for keratins and Oe was performed on cells fixed and permeabilised in 70% 
ethanol at - 20°C for 10 mins. 
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Determination of total cell output of fractionated basal cells as an indicator of 
enrichment for epidermal sum cells. 

The KSC population has been defined as a minor subpopulaUon of the basal layer with 
greatest prolifcraUve capacity since it must sustain tissue renewal for a lifetime. Based 
on the assumption that KSCs have a specific cell surface phenotype, as has been 
demonstrated for bone marrow haemopoietic progenitors, when plaUng equivalent 
numbers of cells with the hypothesised KSC phenotype and UF cells, one should 
clearly expect greater cell output from die former population since it has been enriched 
for stem cells. At the start of each long tem culture experiment, cells fracUonated on 
the basis of their ceU surface phenotype were sorted. 5000 keratinocytes from each 
fraction were plated into 24-weU plates containing monolayers of feeder cells. All 
fractions per experiment were plated in triplicate, carried in paraUel and passaged at the 
same time. The number of cells produced by each fraction was determined at each 
passage (with the exception of the first passage, where the number of cells are very 
small), by harvesting the cells and obtaining cell counts. At first passage, cells from 
each fraction were pooled and plated equaUy into 3 weUs of a 6-weU plate. At 
subsequent passages, all fractions were replated at 5 x 10^ cells per well of a 6-weU 
plate, in tiiplicate irrespective of cell yield. The keratinocytes were continually 
passaged until tiieir growth capacity had been exhausted. The cumulated total cell 
output of 5000 cells from each fraction was tiien determined at the end of each 
experiment. Since only 5 x 10^ cells were replated at each passage, Uie cell outputs 
were calculated assuming all die cells from the previous passage had been replated. 
The duration of each experiment was dependent on die individual keratinocyte cultures, 
but was generally between 75-95 days. 

Cell cycle analysis 

Fractionated primary basal keratinocytes were collected by FACS, fixed with 70% 
ethanol (20°C), and treated vidth RNAase prior to staining with 40iig/ml propidium 
iodide. DNA content was analysed by flow cytometoy on an EPICS XL flow 
cytometer (Coulter) within 12 hours. 

RESULTS 

Given that stem cells may not maintain tiieir in vivo characteristics in culture after 
removal from Uieir "niche" or microenvironment (Schofield et al, 1978), we elected to 
analyse freshly isolated primary epideraial cells. We compared tiie relative proliferative 
capacity measured as total ceU output, following long- terra culture of parallel fractions 
of basal keratinocytes, and tiie cycling status of tiiese fractions upon isolation from the 
foreskin, reasoning that by definition, KSCs would be distinguished from TA cells 


wo 99/47644 PCT/AU99/00177 

based on weU accepted differences attributed to these two populations of proliferative 
cells. i.e. die KSC subpopulation defined by its relaUve quiescence in vivo and the 
greatest proliferative potenUal in vitro; compared to the TA ceUs characterized by their 
actively cycling status in vivo, reduced prohferative potenUal and more rapid terminal 
differentiation in culture (Lajtha, 1979). 

Separation of basal keratinocytes into proUferative cells and post-mitotic differentiating 
cells based on expression of the Oc integrin. 

In accord with published studies on the expression of 0^4 in neonatal human foreskin 
in vivo. (Carter etal, 1990b) freshly isolated basal keraUnocytes were found to be 
positive by flow cytometric analysis. However, a bimodal pattern of expression was 
consistenUy observed (Figure lA; n=25). Two fractions of cells, the upper 30% 
population (Oe^: fluorescence intensity range of 102 -lO^) and the lower 30% 
population (Oe**™: fluorescence intensity range of 10' -102), together with 
unfraciionated cells (UF), were compared in culture. The colony forming ability of 
these primary keratinocytes determined ai two weeks (Figure IB), in five separate 
experiments, showed that die Ofibri cells consistenUy gave rise to greater colony 
numbers than the ag*"' cells (typically 18.3 ± 0.47 vereus 3.33 ± 0.94 respectively), 
but was not significantly different than UF cells (typically 24.67 ± 6.12), suggesting 
that the majority of proliferating cells were in the fraction. 

Studies in the haemopoietic system demonstrate that stem cells with marrow 
repopulating activity do not clone directly in vitro, but will over time in culture give 
rise, through differentiation, to clonogenic cells (Sutheriand etal, 1990; Haylock et aU 
1992; Haylock et al, 1997). By analogy, it is possible that the colony fomiing abihty 
of keratinocytes measured over a two week period may not accurately predict the 
long-term growth capacity of KSCs. We therefore compared the long-term 
proliferative capacity of the Cf^ and cte**™ populaUons by assaying total cell output 
following serial passage, until all growth potential was exhausted (typically 75-95 
days). The data obtained from several separate experiments (n=5), demonstrated 
clearly that basal cells with the greatest long-term proliferative capacity reside in the 
06*^ subpopulation (Figure 2). 


In vivo, epidermal cells exhibit ordered expression of pairs of keratins (K). Thus, K5 
and K14 are expressed by basal cells, while Kl and KIO are predominantly expressed 
in the suprabasal differentiating layers of the epidermis (Fuchs & Green, 1980). 
However, KIO expression has also been observed in a minor subpopulation of basal 
cells in murine epidermis (Schweizer, 1984; Mackenzie et a/ . 1989) suggesting the 
presence of differentiating cells vwthin the basal layer. Flow cytometric analysis 
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demonstrated that both the ot6*^ and o^^ fracUons were K14 positive (Figure 3A), 
although the cx^^^ ceUs showed significantly lower levels of K14 than o^^ cells 
(n=4). In contrast, while the 06*^" keratinocytes were negative for KIO, the 
fraction expressed this differentiation marker (Figure 3B). CoUectively. these data 
demonstrate that the fraction comprise a populaUon of post-mitotic differentiating 
basal cells, while the cte^" fraction contains the majority of proliferative basal 
keratinocytes i.e. KSCs and TA cells. 

Human epidermal stem cells can be resolved further within the €X^^' population on the 
basis of 10G7 antigen (transferrin) expression. 

In vivo cell kinetic studies have established that KSCs are largely quiescent, and do not 
proliferate at high rates, while TA cells are actively cycling (Potten, 1983; Morris et al. 
1985; MacKenzie & Bickenbach, 1985; Potten, 1986; Bickenbach et al, 1986). We 
therefore reasoned that these two populations could be distinguished at the time of 
initial isolation from the epidermis, on the basis of a second proliferation-associated cell 
surface maricer recognized by a monoclonal antibody Mab 10G7, recenUy generated in 
our laboratory (Kaur et a/, 1997). Mab 10G7 was raised against a previously described 
tumourigenic human keratinocyte cell line (Huriin et al, 1991) and recognizes 
transferrin receptor. 

Flow cytometric analysis of freshly isolated human epidermal basal ceUs double 
labeUed with Mab 1()G7 and anti integrin antibody, consistenUy showed that the 
06*^ population demonstrated a broad range of 10G7 ag expression with the majority 
exhibiting relatively high levels of expression and the remainder, low levels (Figure 4A; 
n=25). The tx^*^" population was separated by FACS into the upper 30% 
(0C6*'"10G7*>"), and the lower 30% of 10G7 ag expressing cells (06*^1007^). ITie 
short term proliferative capacity of these fractionated basal keratinocytes was similar 
(Figure 4B) as determined by the colony numbers obtained at two weeks, typically 
15.67 ± 0.33 versus 20.67 ± 2.03 from a6^"10G7*>" and a6*^"10G7<*i°^ respectively 
(n=5). However, these two subpopulations differed markedly in tiieir capacity to 
sustain long tenm generation of keratinocytes. The growth curves and total cell outputs 
from a typical experiment are shown in Figure 5, and illustrate that tiie 0t6^"10G7^ 
population exhibits a significantly greater proliferative potential than any of the other 
populations assayed (p<0.05). In this experiment, total cell outputs from 5000 UF, 
ogdim^ a^briioG7»>rior ae^^lQGl^^^ were 7 x 10^, 1.9 x 10^, 1.4 x lO^ and 5.5 x lO^ 
respectively. The absolute number of cells generated by a particular fraction in 
long-term culture was variable between experiments and can be attributed to variation 
between skin donors, and the duration of tiie experiment, dictated by the period for 
which cells from a particular donor could be maintained in culture. However, 
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importanUy the <u^HOGl^ fraction consistenUy contained basal epidermal cells with 
the greatest total cell output in several replicate experiments (n=5) (see Table 1). 
Interestingly, the a6^10G7<*i°' ceUs exhibited significanUy greater rates of growth in 
culture, particularly between day 50 and 80 compared to the other fractions (Figure 
5 5A), ultimately resulting in the greatest cumulative cell output of any fraction (Figure 
5B). These data demonstrate that the KSCs can be markedly enriched from the 06*'" 
fraction of basal keratinocytes, on the basis of 10G7 ag expression, and clearly reside 
in the a^^lQGl^^ fraction. 

10 The candidate keratinocyte stem cell fraction (a^'^lOG?^''^) represents a quiescent 
subpopulation of the epidermal basal layer. 

To investigate the cycling status of the Oe^'^lOG?^"" and the ot6*^"10G7*>" 
subpopulations, sorted cells were processed for propidium iodide staining and analysed 
by flow cytometry. The results obtained from four separate experiments shown in 

15 Figure 6 demonstrate that the majority of actively cycling basal keratinocytes (i.e. cells 
in S+G2/M phase), reside in the a6*'"10G7"'" (putative TA) fraction, while 
06^1007*™ basal keratinocytes, designated as the putative KSC fraction contain 
significantly more quiescent cells (p=0.0004). Basal keratinocytes designated as the 
post-mitotic differentiating fraction (Oe^"") did not contain many cycling cells as 

20 expected. These observations are in close accord with published data demonsu^ting 
that in vivo, approximately 5% of basal keratinocytes (UF) are engaged in DNA 
synthesis, (Allen & Potten, 1974) and confirm that die a6*'"10G7^"» fraction exhibits 
predicted stem cell characteristics, representing an initially quiescent subpopulation of 
basal epidermal cells, capable of the greatest regenerative capacity in vitro. 

25 

Contrary to our expectation that KSCs may exclusively express high levels of OC6P4 
integrin to maintain tight adhesion to the basement membrane, our data clearly 
demonstrate that this integrin is highly expressed on both KSCs and TA cells (05''" 
cells). However, post mitotic basal cells already exhibiting differentiation 

30 characteristics, demonstrated lower levels of integrin (ot6^ cells), presumably in 
preparation for migration into the suprabasal layer. Interestingly, these KIO positive 
basal keratinocytes were able to demonstrate significant proliferative activity in vitro, 
indicating that then* commitment to differentiate in vivo can be reversed by placing them 
in culture. This is similar to the in vivo induction of proliferation in suprabasal cells 

35 during wound healing. 


Basal keratinocytes with the phenotype a^^lOG?^''^ have important stem cell 
attributes. 
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The present strategy for enriching for epidermal stem cells on the basis of a 
proliferation-related cell surface maiker aUows for the separation of proliferative basal 
cells into the quiescent KSC compartment demonstrating ihe greatest regenerative 
capacity in long-term culture (ct6*^10G7<Ji°>), and an actively cycling TA compartment 
5 with lesser proliferative capacity (ot6''"10G7*>ri). We estimate that a single candidate 
KSC with the phenotype ot6^10G7<Ji°^ can generate approximately 5.8 x lO^ cells. It is 
highly likely that the present culture conditions, while promoting very effective growth 
of the TA population, do not permit optimal cell generation from or self-renewal of the 
KSC population. 

10 

The present data also show that the candidate KSC fraction represents an immature and 
minor subpopulation of approximately 10% of the basal layer, consistent with estimates 
of 1-10% from kinetic studies in murine epidermis (Morris et aU 1985; MacKenzie & 
Bickenbach, 1985; Potten, 1986; Bickenbach etal, 1986; Potten 8l Hendry 1973). 
15 Given that we have used neonatal human foreskin tissue which is capable of greater 
proliferation than adult foreskin epithelium (Rheinwald & Green, 1975), it is likely that 
these KSC numbers are higher than may be found in adult epidermis. 

Previous reports suggest that enrichment of KSCs can be achieved by selecting cells 
20 expressing high levels of Pi integrin (Jones & Watt, 1993; Jones et al 1995) Work in 
our own laboratory indicates that both the KSC and TA fractions express high levels of 
Pi and ot6 integrins. In addition, we have observed that the selection of OC6*'"10G7^™ 
cells allows the isolation of greater numbers of putative stem cells than Pi*>"10G7'^«" 
cells (Kaur & Li, submitted). Our data suggests that this can probably be attributed to 
25 the fact that while the majority of basal keratinocytes express high levels of both of 

these integrins, there is a significant subpopulation of pi*'" ceUs that express low levels 
of CX6 (ct6<*>^ post-mitotic, differentiating cells). 

It is noteworthy that die TA compartment remains indistinguishable from the KSC 
30 compartment at present due to the absence of very early differentiation markers. 
Clearly, our ability to recognize this population phenotypically, will permit us to 
investigate the molecular differences between these two populations. This work will 
provide a basis for the identification of genes with a critical role in epidermal growth 
and differentiation, and factors regulating self-renewal of KSCs. Further, it has 
35 important implications for the study of epidermal carcinogenesis, given that the stem 
cells are likely to be a target for carcinogens resulting in the development of carcinomas 
(Morris, 1986). Finally, the accessibility of skin makes human KSCs an ideal vehicle 
for genetic manipulation and gene therapy for the treatment of both skin disorders and 
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systemic deficiencies. The ability to identify and isolate these cells rqjresents an 
important prerequisite for the development of these approaches. 

Telamerase activity 

5 This ribonucleoprotein enzyme replaces telomeric (chromosome end) nucleotide repeat 
sequences which are normally lost from the ends of chromosomes with replication. 
Telom^ase activity has been found to be present in a great number of actively 
proliferating cells including tumour and normal cell lines in culture, and its is now well 
accepted that there is a good correlation between proliferative cells and telomerase 

10 activity (Greider, 1998). It was originally proposed that stem cells which are long lived 
may contain high levels of telomerase enzyme although it has become evident that 
haemopoietic committed progenitors (the actively proliferating cells) have relatively 
high levels of this enzyme, while minimal to undetectable levels are present within the 
stem cells (Hiyama et al 1995). Consistent wiUi this data, we have found that KSCs 

15 as defined by us as cells with die phenotype a6brilOG7^ express significanUy lower 
levels of telomerase compared to the actively proliferating TA population (phenotype 
a6^10g7*'") as shown in figure 8. These experiments utilized a TRAP assay 
telomerase activity as described by Kim et al, (1994) detected by ELISA. The 
interpretation we favour is that telomerase activity is not essential in normally quiescent 

20 stem cells, but is activated during cell cycling. 

Adult KSC phenotype 

We have investigated whether the phenotypically distinct populations described by us in 
neonatal skin tissue are also present in aduh epidermis. All three populations present in 
25 neonatal epidermis were also found in a number of adult skin samples isolated from 

people of varying age and taken from various body sites. Importandy, ceUs of the stem 
cell phenotype were present in all adult skin samples examined, an example of which is 
shown in Figure 9. 

30 EXAMPLE 2 

The ability to regenerate epithelium in vivo is an important property of KSCs, and an 
important prerequisite to the development of gene Uierapeutic approaches aiming to 
deliver gene products from skin grafts. This proposed example includes the steps of 
taking purified KSCs to generate epidermal tissue, which can then be utilised to graft 
35 onto individuals. 

It is proposed to determine die abUity of KSCs to reconstitute an epidermis in the living 
skin equivalent model of organotypic cultures, a number of Uiese systems are presently 
being used. This in vitro model system has been extensively used to study the effects 
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of various factors on keratinocytes to proliferate and differentiate into a normal 
multilayered epidennis and exhibit appropriate gene expression. Basal keratinocytes 
fracUonated into the candidate KSC and TA subpopulations as described earUer may be 
placed in the organotypic culture system. The cultures can be analysed for 
5 moiphological and biochemical characteristics to determine the capacity of these KSCs 
to form epidermal tissue in vivo, with appropriately regulated expression of epidermal 
differentiation markers. Cultures can be processed for sectioning and 
immunohistocheraical analysis for various epithelial markers including integrins, 
keratins, involucrin, filaggrin etc. Organotypic cultures will be generated from 
10 fractionated basal epidermal cells, (together with unfractionated cells as contiDls), from 
both adult and neonatal skin. It is postulated that only the Oe'^lOG?''™ fraction will be 
capable of generating a normal epithelium with a basal layer and differentiated layers, 
and that the Oe*" (and perhaps a6«'niOG7«>ri) fraction will give rise to terminally 
differentiated cells. 


15 
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1 . A method of enriching a viable subpopulation of epidermal cells being either 
KSC cells or TA cells, said method including the step of harvesting a population of 
epidermal cells, the step of enriching for cells expressing a high level of a ceU surface 
integrin and the step of enriching for cells expressing either a low level or a high level 
of a marker associated with proliferation. 

2 . A method of enriching a viable subpopulation of epidermal cells as in claim 1 , 
said subpopulation comprising KSCs, said method including the steps of harvesting a 
population of epidermal cells, and enriching for cells that carry a high level of cell 
surface integrin and carry a low level of a marker associated with proliferation. 

3 . A method of enriching a viable subpopulation of epidermal cells as in claim 2 
wherein the enrichment includes, 

a first enriching step of enriching for cells carrying a high level of cell surface 
integrin from the population of epidermal cells to form a partially enriched pool and 

a second enriching step of removing cells that carry high level expression of a 
marker associated with proliferation from the partially enriched pooL 

4 . A method of enriching a viable subpopulation of epidermal cells as in claim 1 , 
said subpopulation comprising TA cells, said method including the steps of harvesting 
a population of epidermal cells, and enriching for cells that carry a high level of cell 
surface integrin and carry a high level of a marker associated with proliferation. 

5 . A method of enriching a viable subpopulation of epidermal cells as in claim 2, 
said subpopulation comprising TA cells, wherein the enrichment includes, 

a first enriching step of enriching for cells carrying a high level of cell surface 
integrin from the population of epidermal cells to form a partially enriched pool and 

a second enriching step of removing cells that carry low level expression of a 
marker associated with proliferation from the partially enriched pooL 

6. A method of enriching a viable subpopulation of epidermal cells as in any one 
of claims 1 to 5 whenein the epidermal cell population is derived from a tissue sample of 
the skin and the method includes the step of separation of epidermis from the skin 
sample, before the enrichment 

7 . A method of enriching a viable subpopulation of epidermal cells as in any one 
of claims 1 to 5 wherein the cell surface integrin includes integrin pi. 
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8. A method of enriching a viable subpopulation of epidermal cells as in claim 7 
wherein the surface integrin is selected from the group comprising integrins aaPi or 

5 

9. A method of enriching a viable subpopulation of epidermal cells as in claim 8 
wherein the cell surface integrin is 0t6p4. 

10. A method of enriching a viable subpopulation of epidermal cells as in claim 9 
10 wherein a level of the ot6 subunit is determined. 

11. A method of enriching a viable subpopulation of epidermal cells as in any one 
of claims 1 to 5, wherein the maricer associated with proliferation is selected from the 
group comprising the transferrin receptor, the epidermal growth factor receptor, the 

15 insulin growth factor receptor and the keratinocyte growth factor receptor. 

12. A method of enriching a viable subpopulation of epidermal cells as in any one 
of claims 1 to 5 wherein the marker associated with proliferation is the transferrin 
receptor. 

20 

13. A method of enriching a viable subpopulation of epidermal cells as in any one 
of claims 1 to 5 wherein determining the status of high level or low level of either the 
integrin or the marker associated with proliferation is achieved by a binding agent. 

25 14. A method of enriching a viable subpopulation of epidermal cells as in claim 1 2 
wherein the binding agent is an antibody or fragment thereof. 

15. A method of enriching a viable subpopulation of epidermal cells as in claim 12 
wherein the binding agent is a ligand for these integrin or transferrin receptors 

30 respectively. 

16. A method of enriching a viable subpopulation of epidermal cells said method 
including the steps of harvesting a population of epidermal cells and enriching for cells 
that carry a high level of the cell surface integrin a6p4. 

35 

17. A purified KSC cell population comprising a purity level of greater than 50%. 


18. A purified KSC cell population as in claim 17 comprising purity levels of at 
least or greater than 70%. 
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19. A purified KSC cell population as in claim 1 8 comprising purity levels of at 
least or greater than 90%. 

5 20. A purified KSC cell population as in claim 19 comprising purity levels of at 
least or greater than 99%. 

21. A purified epidermal subpopulation isolated by the method of any one of claims 
1 to 16. 

10 

22. A purified KSC population comprising cells that carry a high level of cell 
surface integrin and carry a low level of a marker associated with proliferation. 

23. A purified KSC population as in claim 22 wherein the surface integrin includes 
1 5 integrin subunit Pi . 

24. A purified KSC population as in claim 23 wherein the surface integrin includes 
is selected from the group comprising integrins a2Pi or aaPi. 

20 25. A purified KSC population as in claim 22 wherein the cell surface integrin is 

Ot6p4. 

26. A purified KSC population as in claim 22 wherein the marker associated with 
proliferation is selected from the group comprising the transferrin receptor, the 

25 Epidermal Growth Factor receptor, the insulin growth factor receptor and the 
keratinocyte growth factor receptor. 

27. A purified KSC population as in either claim 22 or 25 wherein the marker 
associated with proliferation is the transferrin receptor, 

30 

28. A purified KSC population comprising cells that carry a high level of cell 
surface integrin a6P4. 

29. A composition including the purified cell population of KSC cells of any one of 
35 claims 22 to 28. 

30. A composition formed by culturing the purified cell population of KSC cells of 
any one of claims 22 to 28. 
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31. A purified TA cell population comprising cells that carry a high level of cell 
surface integrin and carry a high level of a marker associated with proliferation. 

32. A purified TA cell population as in claim 31 wherein the surface integrin 
5 includes integrin subunit pi. 

33. A purified TA cell population as in claim 32 wherein the surface integrin 
includes is selected from the group comprising integrins aapi or aspj. 

10 34. A purified TA ceD population as in claim 32 wherein the cell surface integrin is 

35. A purified TA cell population as in claim 31 wherein the marker associated with 
proliferation is selected from the group comprising the transferrin receptor, the 

15 Epidermal Growth Factor receptor, the insulin growth factor receptor and the 
keratinocyte growth factor receptor. 

36. A purified TA cell population as in either claim 31 or 34 wherein the marker 
associated with proliferation is the transferrin receptor. 

20 

37 . A composition including the purified cell population of TA cells of any one of 
claims 31 to 36, 


25 


38. A composition formed by culturing the purified cell population of TA cells of 
any one of claims 31 to 36. 
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